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BATIOBAL ADVISORY COMOTRl VOR A1SOBAUTICS 

f 
RESIAPCB. MEMORANDUM 

MURMDUTK» OF TSARSISNT SKI» TEMPERATURE Of COMICAL 

BOOXB DnOB SHORT-TIME, HIGH-SPEED FLICBT 

By Bau Lo 

SUMMARY 

> short and almple method la presented for tha determination of 
transient akin temperature of conical bodies for ahort-tlae, high-speed 
flight.    A dlffarantlal aquation la established for thla purpoaa 
giving tha fundamental relations between tha tranalant akin temperature 
and tha flight history,    ror the heat-transfer coefficient and 
boundary-layer temperature, which are needed In tha differential 
equation, Eber*a experimental reeulte for conical bodlaa under euper- 
aonlc conditions are adapted and summarised m a convenient way.    The 
method la applied flret for flight at conatant altitude to Illustrate 
the efrect or acceleration on tranalant akin temperature.    It la then 
applied to arbitrary night.    Several examples are given; for one 
example measured data are available and are In good agreement with the 
calculations. 

IWMUUUCTXOI 

When air flows over a body the air Immediately adjacent to the 
body la brought to rest by skin friction.   As a result the air la 
heated to a higher temperature and hence there la heat exchange between 
the air and tha akin.    Thla phenomenon la generally termed as 
aarodynamlc heating." 

At high apeed the temperature Increase of the air la very large 
and the aerodynamic heating problem becomes of great concern to 
designers.    The problem Is related to the characteristics of the 
boundary layer and the local heat-transfer coefficient.    In reference : 
Wood gare a method for the determination of the Bkln temperature at 
supersonic speed, using formulas for heat-transfer coefficient and 
boundary-layer temperature, derived for flat plates at subsonic speed. 
In reference '<> Scherrer made a more theoretical approach Tor the 
determination of skin temperature of a body of revolution at supersonic 
flight.    Both papsrs, however, dealt with equilibrium skin temperature 
for eteady fiicgr. conditions at constant aitltuie. 
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lb Mr»nl German papers (reference 3, for Instance) it was shown 
that, for a short-tlm» flight during which tto speed and altitude vary 
with time, tlw transient akin temperature nay be considerably lower 
than the equilibrium akin temperature.    In the present report, 
therefore, emphasis la given to the transient skin temperature, rather 
than the equilibrium skin temperature.   A differential equation Is 
presented for this purpose, and for the heat-transfer coefficient and 
boundary-layer temperature needed In the differential equation, Kber'a 
experimental results (reference U) for conical bodies under supersonic 
conditions are adapted and summarized In a convenient form for 
Immediate application.    Zf, however, better experimental data become 
available, they can be adapted readily to the present method. 

To show the effect of acceleration on skin temperature the 
simpler problem of flight at constant altitude Is treated first. 
More general flights are then discussed with several examples.    In 
one example, data obtained from the Naval Besearch Laboratory, 
Washington, D.C., giving akin temperatures for 72 missile number 21 
fired on March 7, 19^7 at White Sands, H. Msx., in connection with 
upper atmosphere research (reference 5), are used for comparison with 
the calculated results. 

<> 

8 

h 

h* 

k 

1 

t 

SYMBOLS 

acceleration, ft/sec2 

recovery factor 

specific heat of air at constant pressure, Btu/lb/^P 

specific heat of skin matsrlal, Btu/lb/°r 

function of   Tsk   and implicitly of   t   (see equation (16)) 

acceleration due to gravity,  taken as 32.2 ft/see2 

heat-transfer coefficient, Btu/(sec)(sq ft)(°F) 

reference heat-transfer coefficient corresponding 
to   0 - n/6 (or 30°),    I , i ft   and   H - sea level, 
Btu/(sec)(sq ft)(°F) 

thermal conductivity of air, Btu/(sec)(ft)(°F) 

characteristic length, ft 

tla ssc 
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t, time when certain velocity la mehid by uniformly 
accelerated tody atartlng fro« reet, eeo 

'• correction factor for HOM angle (MM equation (11»)) 

Fj correction factor for charaeterlatlc length (see 
aquation (1U)) 

Fj correction factor for altitude (aaa aquation (Ik)) 

0 baat abaorptlon capacity of akin, Btu/aq ft^T 

1 altitude, ft 

J mechanical äquivalent of heat, taken aa 778 ft-lb^ta 

Qx beat flowing Into akin due to akin friction, Btu/aee/aq ft 

Q2 neat loot through radiation, Btu/aee/aq ft 

B Reynolds number 

T^ free-stream temperature of air, °F aba. 

Ta akin tenperature at time    ta,    °F aba. 

Ts equilibrium akin tenperature, °F aba. 

Tt Initial temperature, °T aba. 

TJL boundary-layer temperature, °T aba. 

Ta|( akin temperature, °F aba. 

Tgj stagnation temperature, °F aba. 

•l velocity of flight, ft/aee 

V specific weight r>» akin material, lb/cu ft 

B total apex angle of conical noaa, radlana 

* emleelvlty, aaaumed to be O.b in numerical example* 
of thla report   (fl • 1   for perfect blaok body) 
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free-stream density of air, lb/cu *t 

"SL 

I» 

T 

freo-etream density of air at sea level, taken aa 
O.O7657 lb/cu ft 

coefficient of viscosity of air, lb/sec/ft 

akla thickness, ft 

AJUU.YSIS 

Fundamental Equations 

The skin temperature of a tody eaa be datarmlnat from a considers 
tlon of tho amount of teat flowing Into the akin and that lost by tha 
akin.   Tha balance of tha two la tha ha at absorb»! or given up by the 
akin from which the change In akin temperature can be calculated. 

Heat flowing Into akin.- For heat flowing Into tha akin during a 
ehort^tlne', high-speed flight, the «oat important factor to be eon- 
allered la the "aerodynamic heating."    Experimental results Indicate 
that the heat flowing into the skin due to akin friction   Q^   can be 
determine! from tha following empirical formula: 

«1 " *f*n. " Tek) Btu/aeo/eq ft (1) 

where the boundary-layer temperature   TBL   anl the heat-tranafer 
coefficient    h   have been studied experimentally by Eber (reference U) 
and will be ilscusaed later. 

Heat received by the skin *rom other sources,  like solar 
radiation,  railatlon from surrounding atmosphere, heat from Interior 
or other partB of the body, and so forth, ar« no«, conallered  In this 
report. 

Heat l?8t by the skin.- The hail lost uy the akin san be (1) heat 
losa through".-*.! 1 at fan, ( "•') neat liaa  throu>*h artificial cooling, 
( i) heat loss  to interior or other parts of the body.    The heat lies 
through reflation    <ia    can be lateral ne-i  from the St*fan-Boltzmann 
formula: 

U.B x l-Dnl3»T8k
k Btu/sec/sq ft (2) 

where  the value of the emlasivlty   c    depends on the surface condition 
of the akin.    Far a perfect black body,    < • 1. 

L _i 
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The teat loaa otter than radiation to the exterior will not te 
oonaldarad In thla report. 

Haat balance aquation.- Equation (1) glvea the rate of neat flaw 
Into the akin and equation (2) glvea the rate of haat loaa by the akin. 
The difference of the two    (Qx - Qg)   la the heat left to heat the 
akin, Btu/aq ft/aec.   During an Interval   dt,    the total haat to ha 
assorted by the akin la therefore 

(«i-^ dt Btu/aq ft 

If the temperature rlae of the akin during thla Interval   dt   la   dT.k, 
the haat ahaorbad by the akin can alao be o-preaaed by 

0 dTsk Btu/aq ft 

where   O,    the heat abaorptlon capacity of the akin, Btu/aq ft/°f, 
la the product of the apeclflc haat of the akin material   c„    the 
apeclflc weight of the akin material   V,    and the akin thlckneaa  T . 
From data In reference» 6 and 7, repreaentatlve valuee of   O   for 
ateel and alloya of aluminum and magnesium at 520   F are obtained 
and plotted agalnat akin thlckneaa In figure 1.    At higher temperature 
the value« of   O   are lncreaaed at the rate of 0.256T1 per 100° F 
for ateel and 0.062bT* per 100° F for aluminum where   i«    la the 
akin thlckneaa In lnchea.    For magnealum alloy the temperature effect 
can be neglected. 

Equating the preceding two expreealona for the heat abaorbed by 
the akin and aubatltutlng   Qj.   and   0^   from equations (1) and (2) 
glvea 

dTak 
hT,k • U.8 x l(T13«Tt1t

U - bflfc,. (3) 

which la the baelo equation for tranalant akin temperature. 

,i— »ned equation- Equation ( 3) la a nonlinear differential 
with variable ooefflclenta.   A elanllfled equation can be equation 

L _J 
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2SSS £ "" "dlatlP" "•"•—- -«*•<"*.   It. sis»lifl.d 

iTak 

<»> 

As will b» shown later (example 3) tlw radiation IOM ordinarily 
contribute» only a small portion to the tranalant akin tempsraturs 
for short-time, high-speed flight.   Tor such flight« tha uaa of 
aquation (I») will not Introduea any appraelabl» •rror, while a 
great deal of tlw and labor oan ba saved In th» computation work. 

«quillbrlun temperature.- If a body fllas with a eonatent apaad 
at a constant altitude rar > «#»«•««- *•»- -— ----- 

\ 

and «itit^r   iZT     .r^ •'    eorreapondlng to that apaad 
andaltlteda.    Th.aquiabrlunta.ar.tui,   T.   can ba determdn* 

fro« aquation (3) by dropping out tha first term .Inc.   %* . 0. 
Thus, *t 

*.8 x 10-HT.1* + bT. - Mfc, (5) 

««• w».u. na no ass» as tha boundary-layer temperature. 

in squatlon. (3), <h)f „* (5) th, tvo „„.*,„   „   „^ 

Er^p.5.^^ 
and in—iiUui. w»ss two parameters will bs dlscusssd 

IbsrU Xzparlaantal Results 

oons.VQ^JäSZSSJPZrSJT"" —.1 tests on 

•111 be dlecussaTr»*S. SloS. and^?? £ fllght'    ""^ *"•""• 
conv.nl.nt fox, with 15£?Ä?Mii.!' '""^^ * * 
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Boundary-layer temperature,   Tfe.«- Wnen the air atream la brought 
to raat laentroplcally, the taaparatura of the air la called atagnatlon 
teaperature.   Whan to« air la brought to raat by akin friction, the 
process la ueually not laantroplc and the teiiperature of the air la 
lower than the stagnation teaperature.    In the latter caae, If there 
la no heat flow acroas the akin, the teaperature or the air 
Immediately adjacent to the akin la called the boundary-layer 
teaperature   TgL   and la found to be closely related to the etagnatlon 
temperature.    In the actual caae where there la heat exchange between 
the air and the akin, the boundary-layer teaperature   T^L   la only an 
artificial tern uaed In the empirical equation (1) and nay not 
neeeaearlly be realised at any point In the actual boundary layer. 

The stagnation taaparatura   Tgf   can be calculated theoretically 
from the following statement of Bernoulli's equation: 

PO fvrsT 
I     V dV + / JgCp dT • 0 (6) 

where   V±   and   T^   are the Telocity and the taaparatura of the free 
air atreaa.   Values of   T^   at various altitudes are given In 
reference 8 and are replotted In figure 2 of this paper. 

For constant value of   c«,    equation (6) baooaea 

1*12 

%r - Ti • ä 355; <T> 

For the actual caae, however, varies with taaparatura. It haa 
been pointed out by Wood (reference 1) that at high velocity a 
correction for variable c- will lower the stagnation teaperature 
considerably (about 20 percent lower at Mach number 8). An exact 
solution of Bernoulli's equation for variable sp will give a set 
of stagnation temperature curves for various altitudes and Mach 
numbers. In this report, however, it la chosen to plot the etagnatlon 
teaperature rlae (TST — T-Ä    against free-stream velocity V^, 
instead of the etagnatlon temperature against Mach number. The 
result la a single curve for all altitudes. This curve, for whtoh 

J 
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the derivation Is given In appendix A, la plotted la figure 3, together 
with the stagnation temperature rise for op - 0.2U Btu/lb/

0*. For 
low speeds, no correction for variable e_ la necessary. 

Die boundary-layer temperature 

temperature by an empirical factor 
reooTery factor o la defined as 

TBL le related to the etagnatlon 

o, called recovery factor. The 

c • *BL-TI (8) 

lber»e experimental reaolta show that   c   Tarles with the total 
vertex angle   p   of the cone but la practically Independent of 
velocity.   The variation of   e   with   B    \a not very large.   lor   B 
ranging fron 20° to 50°, an average value    e • 0.8?   can be used 
with a nwTliia error of about 2 percent.   Therefore, 

(*SL " *l) - 0.80(13, - TX) (9) 

Since the stagnation temperature rlee   (TST - Tl)   ean be 
taken as a function of   Vx   only (fig. 3), the bouniary-layer-temperature 
rlss ean also be taken aa a function of   Vxj    that la, a single curve 
for all altitudes.   Thle curve la ehown In figure k.   For 
Op - 0.2!» Btu/lb^F,    the boundary-layer-temperature rlee can be given 
by the following expreaalon: 

*Bl-*l *<&1 (10) 

Heat-transfer coefficient,    h.- The heat-transfer coefficient   h 
can be determined from Boer's empirical formula which la taken from 
reference <n 

h - (0.0071 + 0.015U>ft)^(R)' 0.8 (11) 

where the Reynolds number P, aa defined by Eber, la equal 
to (PjVj^^i). Equation (11) can be rewritten as 

-I 
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ta - (0.0071 + 0.i -•«^W^J^ (12) 

to tte derivation of aquation (11), Iber used th» boundary-layer 
temperature as th» nfknm temperature for values of   k   and   u, 
tte thermal conductivity and eoafflelant of viscosity of air, 
respectively.   For tte characteristic longth   1,   Kbsr uaod tte 
antlra length of tte surface of tte cone.   Although ttera ara 
dlffarant oplnlona regarding what la tte corract length to ba uaad 
aa eharaetarlatlo langth, «ten soar'a experimental raaulta ara appllad 
to actual flight eondltlono (for Inatanca, In rafaranca 3 Kraue and 
Hermann uaod half tte total longth of tte cona surfacs aa charac- 
tarlatlc langth) Ibsr's original definition will ha followed In tola 
paper.    The value of   h  thus obtained represents an average Talus, 
instead of local value, of tte heat—tranafor coefficient. 

A elnpllfled netted for tte evaluation of tte factor   (k/U0-8)    is 
now given.    For a given velocity and altitude, tte boundary-layer       • 
temperature can ba determined fro« flgurea 2 and k, and values of   k 
and   u   corresponding to this temperature can be obtained from 
reference 9 for temperatures below 2U00° F absolute.   This was dons for 
varloua velocities at three dlffarant altitudes (ssa level, 100,000 ft 
and 190,000 ft) and tte ratio    k/ii°*B   waa calculated and plotted 
against velocity In figure 3.    For boundary—layer temperature higher 
than 2*00   F absolut« tte curve Is shown dotted and la obtained 
by extrapolation. 

In figure 5 tte two curves corresponding to 100,000 feet 
and 190,000 feet form two limiting values of   k/u0,8.   For any otter 
altitude» from aea level to 370,000 feet, approximately, value» 
of   k/u0,8   against velocity will fall within these two limiting 
curvea.   Since both limiting curves do not differ very much from 
tte aea—level curve, it le Juetlfled to uae tte aea—level curve for 
all altitudes up to 370,000 feet.    Therefore,    k/n0,8   la a function 
of velocity only. 

In connection with tola almpllflcatlon. It ahould be kept In 
mind that value» of   k   and   u   at high temperature are obtained by 
extrapolation and any effects of change of air composition at high 
altitude» on   k   and   u   are not considered. 

Equation (12) la now reduced to four factors which are functions 
of   ß,     1,    altitude and velocity, respectively.    For convenience of 
computation, a reference teat—tranafer coefficient   h',    corresponding 
to   t m 1   (or 30°),    I - 1 foot, and at aea level. Is computed from 

equation (12) and tte result» are plotted In figure 6.   This reference 

-J 



r ~! 

10 •MAIMI», vnaim 

heat-tranafer coefficient   h*   la a function of velocity only,   for 
otlwr noae anglea, etaaraotarlatlo lengthe aal altltudee, tha heat- 
treaafer eoafflelaat   h   la elaply tha reference heat-tranefer 
eoafflelaat   h*   aultlplled by tha thraa oorraotlon faotora   Fg,   Fj, 

Fg.   Thua, 

h - r^F^h« (13) 

f   _ 0.0071 + 0.015M/T 
0      0.0071 • 0.015* V«^ 

ri    ,o.a 

'« "Va 
P.8 

<!*) 

Taluaa of   Fa,   F„   anl   FH   are given la flgurea 7, 8, and 9*   Talaaa 
of   (OI/PBL)»   *b«ra   ogL   la tha free-etreaa air deaelty at aaa Laval, 
ware takan froa tha KACA atandard ataoaphare tabla (reference 10) for 
altltudee below 65,000 faat aal froa tablea T(a) and V(b) of 
reference 8 for altltudaa above 65,000 faat. 

Application of Eber'a reaulta.— In tha foregoing, Ibar'a 
experlaantal raaulta on   TBL   and   h   are repraaanted oy alapla curves 
aa funetlona of velocity and altitude. For any prescribed flight path 
where tha velocity and altitude are given aa funetlona of tlae, Taluaa 
of   TfcL   and   h   can be expressed aa funetlona of tlaa.    Table 1 la 
prepared for thla purpose and the operatlone In table 1 are self- 
explanatory.   Knowing   7gL   and   h   aa funetlona of time, one can 
eolve equation (3) or (U) for the transient akin taaperatura, and 
equation (5) for tha equilibrium akin temperature. 

Certain facts should be borne In nlnd, however. In the application 
of Ibar'a work, particularly to high-altitude flight conditions.   First, 
Ibar'a experlaantal reaulta were obtained over a Halted range of 
Reynolda auaber, 2 x lfl5 to 2 x 106j for flight conditions where the 
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actual Beynolde number fall» outalde of tu« range (vhioh la usually 
the oaaa for flight at hi* altltudee), extrapolation la neooeaary. 
Second, Xber*a experlmenta were oarrled out at low altltudea. At 
high altltudaa where tha air density la very low, tha flight may 
antar Into tha allp-flow domain whera tha recovery factor, and 
poealbly the heat-transfer coefficient, any be greatly affected. 
(For llluatratlona, calculation» were made to determine the Mach 
numbers and Beynolda numbere from tha flight trajectory of tha 
V2 mieeile uaed In example 1 of tola report. Tha reeulta of theee 
calculatlona are Indicated.by polnta in figure 10, where the our*« 
dlriding the two domains la taken from reference 11. For thla 
particular example tha flight entere the allp-flow domain aa aoon 
aa an altitude of approximately 130,000 feet la reached.) Third, 
In the evaluation of k and |i, the effecta of change of air 
eompoaltlon at high altltudaa are neglected and Taluea of k and |i 
at temperature greater than 2«t00° F abaolute are obtained by 
extrapolation. Finally, the propertlea of the atmoaphere at high 
altltudaa are taken from the tentative tablea of reference 8. With 
all theee uncertalntlea the application of Eber'a reeulta to high 
altltudaa may Introduce a large percentage error. However, alnce 
the heat-tranafer coefficient at high altitude la amall, the effeot 
on akin temperature la not large. 

Solutlone of Equations 

Solution of equation ( 3) •- «quatlon (3) la a nonlinear ««nation 
with variable ooefficienta, of the flrat order but the fourth 
degree. If equation (3) la written In the following form 

dTsk 
-ot" 

r(Tak*t) (19) 

-tV-hk-^V^^' (16) 

It la readily recognitable that equation (19) can be aolved con- 
veniently by Bunge and Kutta'a numerical method (reference 12) which 
la aummrlaed in appendix B.    In table 2 Bunge and Kutta'a method la 
arranged in a suitable way for the solution of equation (1?).    A 
convenient tin» Interval   At.   la flrat choaen.   The emaller   At   la, 
tha more accurate the reeulta will ba.   The operation of thla table 
atarta on the flrat line, proceeding from left to right, and then 
the aucoeedlng lines.    The function    f,    corresponding to    t   and   T-K 

at lta left, can be obtained from equation (16).    The final reeulta 
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If tho tabla la nputtl, tha akin t*M.«T7>-^ ?^J^ intaxral   Ät. 

la not «all, . eorraetlon can baiS*«. iJSltZ?**•1 ebOBWI 

whara an llliatratlw numUlY££ g**^I?   ^ lB •»«•"« B» 

I«lr - • ^'•(ftv-f»-..) (17) 

SSSAJStaT*" °' «•"•»"-. — * it—l». f.» tn. 

Tek - Ti   at   * 

i     I 

tl» paraaatara   h   and   lj,L   i„ equatlon (l?) W||1. 
axpraaaad In alapla analytical tama     n».^ TV    . 

- %* ^»t-(»T 2 S S^ foPJTSiKSr - h 

i^ürT   ^    f°r "* *"*" -* Wloelt» -«"nation,   »or llluatratlva purpoaaa, tba variation or .„,.«i«v . 
with «loclty foTaaviral J5££?£ 2SÜ 5T«  tMp?r»tu" 
•alua of   c    uaad la 0.1».    ""uae"   *•   ••*• »» ««ura 11.    Tha 

MBUWS AMD D1SCUSSI0* 

at eonatant iltliuto tolHtau ff l2£f j1"1 *° fllght 

•kin ta«paratura. and than to ^^mSS^^ST^ " 
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Flight at Constant Altitude 

Tor Illustration of the effeot of acceleration, the simplified 
equation (i») «1X1 ba used to determine tto akin temperature for ttaa 
followlne example. 

Assume a body, starting from rest, la aceelaratad uniformly 
to 9000 feat par second.    It then Maintains thla apeed until the 
equilibrium temperature la reacted.   Subsequently, the body decelerates 
uniformly to zero Telocity again.   Hov does the ekln temperature change 
with time during these three periods of flight?    The body baa a conical 
nose angle of 30°, a conical aurfaee length of 1 foot, a akin heat- 
absorption capacity   C = 0.6,    and Is traveling at a constant altitude 
of 50,000 feet. 

Period of uniform acceleration.- The velocity of the body at any 
Instant during thla period is given by the following equation 

•x • ** 

where a - acceleration, feet per second9 

Is Tak • Tx at t - 0. 
Initial oondltlon 

Since the velocity la given as function of time, Taj, and h 
can be determined from table 1 and the akin temperature from table 3* 
all aa functions of time. The reeulte are given In figure 13 for 
five different values of accelerationt a - 2g, 5g, 10g, 50g, 
and - (for Infinite acceleration the temperature-tlae curve la but 
a single point). The dotted curve In figure 12 gives the akin tempera- 
ture Ta at the tlm» tg when the body reachea 9000 feet per second. 
The larger the acceleration la, the lower the akin temperature will be. 

In figure 13, the ekln temperatures for a - 2g and 10g are 
plotted against V1# together with the curve shoving the variation 
of equilibrium temperature with velocity. Since radiation loss Is 
neglected In this caae, the equilibrium temperature la the same aa the 
boundary-layer temperature. The temperature difference between the 
"transient" and the "equilibrium" curvea la the "temperature lag," 
which Is greater for larger accelerations, as ahown In figure 13. 

Period of constant velocity.- If the body maintains lta apeed 
at 9000 feet per second after it reaches this velocity, h/S 
and Tgj, are no longer functions of time, and the solution of 

equation (17) becomes 

-J 
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Tek • *«. • D» 
,-(b/»)t for   t 5 ta (IB) 

wfctra   D,    the constant of Integration, la determined from the 
condition 

rsk Ta   whan   t 

Hare Ta, tha akin temperature at time whan the body flret raaohad 
tha velocity of 5000 feat per aacond la different for different 
accelerations. 

Equation (IB) la aolved for the five different aeeeleratlona 
* " a6» 5g, lOß, 508, and • • Rasulta are plotted In figure 1U. 
(Tne temperature curvaa before the body reaches 5000 ft/aeo are taken 
fron fig. 18.) The ekln temperature approaches exponentially the 
equilibrium temperature Te, In thle caae equal to T^ correapondlng 
to 5000 feet per aacond at tha altitude of 50,000 feet. 

Period of uniform deceleration.- If after the body mmlntaina 
5000 feet per aacond for a long time, It atarta to decelerate, the 
velocity at any Instant la given by 

Vx - 5000 + at 

«here    t   atarta when the body begins to decelerate.   The Initial condition la »-»«-* 

'sk "XL at    t 

Table 1 and table 3 again can be used to aolve equation (17) and the 
reaulta are plotted agalnat velocity In figure 15 for two different 
decelerations a - -2g, -10«. Again the equilibrium temperature 
curve la also given. The transient skin temperature in the case of 
deceleration le higher than the equilibrium temperature throughout 
the velocity range. The temperature lag la therefore on the adveree 
side. 

General Flight Condi Mona 

In the general caae, the body la changing Its altitude aa well 
aa lta velocity. Three examples are given In the following. In all 
cases, the simplified equation (l») la u8»d fo«" the calculation of 

J 
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transient skin temperaturea. In example (3) the more accurate 
la also uaad and tha relativ* importance of radiation loaa la 
dlaeuaaad. 

itfeod 

•sample 1.- Tha V2 missile number 21 flrad on March 7, 19U7 at 
Vtalta Sands, >. Max., had a conical vertex angla of 26°, a oonleal 
aurfaoa langth of approximately 7 faat and a akin of 0.109-Inch steel 
aftar a certain dlatanca from tha noaa. Tha above apaelfleatlona 
and tha flight path of V2 aa ahown In figure 16 were obtained front too 
•aval Baaearoh Laboratory« Washington, D.C. Tha boundary-layer 
temperature and tha heat-tranafer coefficient are determined by 
••ana of table 1 and are plotted against tine In figure 17. Tha 
•kin abeorptlon capacity G la obtained from figure 1 to be 0.1*76 
corresponding to 520° F absolute, which la conservative. The Initial 
•kin temperature la known to be 5U6° * abeolute. Table 3 la uaad 
to determine the akin temperaturea and tha reaulta are plotted 
agalnat time In figure 18. 

In figure 18 the measured akin temperature for tha eteel akin 
of tha aama mlaalle la also shown. The moaeured data are obtained 
from the naval Research Laboratory. The agreement between the 
oalculated and measured results Is good. 

Example 2.— An arbitrary velocity and altitude diagram Is 
assumed, aa ahown In figure 19, Including descending path as wall as 
•sosndlng. The mlaalle la assumed to save a nose angle of 30°, a 
characteristic length of U feet, and a akin hsat-absorptlon capacity 
of 0.6 Btu/aq ft/°F. The boundary—layer temperature TjjL and heat- 
tranafer coefficient h are determined by uae of table 1 and are 
plotted agalnat time In figure 20. Table 3 la then ussd to calculate 
tha skin temperaturea. The reaulta are plotted In figure 21. The 
skin temperature during descent becomes higher and higher because of 
tha greater density at the lower altltudea and the higher velocity 
as It comes down. 

Example 3.- To determine the relative Importance of the 
radiation loaa, the calculation of akin temperature for tha missile 
In example 2 for the first 80 seconds la repeated except now tha 
mors accurate method la used where the radiation loaa la not 
neglected (the emlsalvlty < la assumed to be 0.U). Table 2 la 
used for this purpose and the reaulta are plotted In figure 22 
together with the reaulta obtained from example 2 where the radiation 
loss Is neglected. The discrepancy between the two Is very small, 
approximately 30 T. 

In fact, for moat missiles the radiation loaa playa only a small 
part In the determination of akin temperature and tha simplified 
method can be used to great advantage In saving time and labor. 
Unfortunately, there Is no simple criterion to predict whan the 
radiation loss can be neglected. Oenerally speaking. If the skin 
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heat oapaolty la not too nail, HJ not »alow 0.5 Btu/ea ft/'F, tba 
akin temperature la not expected to »a higher than 1000° T abaoluta 
and If tha radiation loaa la not tka doalnatlng factor for a long 
parlod of tin», tba radiation loaa can he naglaotad. If tha final 
akin taaparatura la completely unknown. It la advantageoua to atart 
«lth tha elmpllfled aathod. From tha — »«— akin tanparatura obtained, 
an eetlmate of tha radiation loaa and lta affect on tha akin taaparatura 
oan ha quickly aada. for lnatanoe, tha •—•-1— - akin tanparatura of tha 
mlealla of example 2 la about 615° F abaoluta. Conaarratlvely aaauna 
thla la tha akin tanparatura for tha antlra parlod of 80 aaeonda. 
Tha ehanga of akin taaparatura dua to radiation loaa during thla 
parlod la than 

• 33^*8 x vor1* x o.k x 6151*) x 80 

3.1* F 

vhloh la negligible. A alallar calculation for axaapla 1 lndleataa 
that for tha flrat 65 aaoonda of flight tha radiation loaa affaeta 
tha maTlmua akin taaparatura approxlaatelj 6° F. 

For flight eondltlona where the radiation loaa la the doalnatlng 
factor for a long period, aa fron 80th aecond to 320th eecond In 
axaapla 2, tha radiation loaa ahould be Investigated. During thla 
period, h la sero and aquation (3) baooaaa 

.dl, 
dt • fc.8 x 10""HTgk

h - 0 

Tha general eolutlon la 

Tak • U*> * I0~13t y • D) 
-1/3 

(19) 

where 0, tba oonatant of Integration, oan be determined from the 
oondltlon 
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T* (Sao t - 80 

Wao la the akin temperature at the 80th eeeond.   At and 

of 220th aaoonl tha akin temperature can be calculated from 
aquation (19) and la found to »a lowered only 6° F. 

CORCUDX» RMARKB 

1. A dlffarantlal equation taking Into aeoount aerodynamle 
haatlng and body radiation la established for tha calculation of 
transient akin temperature for any proecrit*d flight hlatory. 
and Kutta*a numerical method la recommended for tha solution of tha 
dlffarantlal aquation. 

2. A simplified dlffarantlal aquation which naglscta body 
radiation la alao given, and can ha uaad In many eaaaa to grant 
advantage In saving both tin» and labor. 

3. Eber'a experimental raaulta on tha boundary-layer taaparatura 
and haat-tranafar coefficient, to ba uaad In tha dlffarantlal aquation, 
ara aumnarlsed In a convenient way for immediate application.    Tablee 
and Charta are alao provided to facilitate the solution of the 
differential equation. 

U. The calculated akin temperature for a Y2 missile la In good 
agreement with the measured data. 

5. The heat-abeorptlon capacity of tha akin baa an Important 
Influence on transient akin temperature.   The heat-abeorptlon capacity 
la greater and consequently tha temperature lag la larger If   (a) tha 
akin la thicker, (b) the material la denser, or (o) the specific heat 
la higher. 

6. When the air la haatlng the skin the temperature lug due to 
tha heat capacity of the akin la In the favorable direction; that la, 
tends to lower the akin temperature.   When the air la cooling the 
akin,the temperature lag la In the adverse direction; that la, tends 
to keep the akin at high temperature. 

7. Sber'a experimental work waa conducted under certain limited 
conditions (abort teatlng tine, email temperature difference, Halted 
Reynolds number, and so forth).   Mora refined experimental values for 
a wider range are desirable. 

J 
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8. BMUM tlw ataoaytorlo praportloa at «tmilf high altltadaa 
aa glvaa la rafaranoa 8 arc tontatlia, and also tooaaaa at hi** 
altltadaa tte fllaat aotaalljr wtm tte "slip-flow" doaaln, a oloaar 
lnraatlgatloa of tka protlaa at algh altltadaa la aaadad. 

9* Tor aora aooarata raaalta, lmaatlflatloaa of toat 
othar ttoa taoas ooaaldarad la tola papar ars 

Laaglaj H—nrlal JUroaautloal laboratory 
latlonal Adrlaoxy Coaalttaa for Aaraoaatloa 

Laaglay Plaid, Ta. 

L _J 



r ~i 

MCA KM Ma. LTK17» 19 

tffonzA 

MMOUnOI TWPWATCW RZ8E FOR TABZABU   0, 

In tka following, a alngle ourre for all altltudaa la obtained 
for tka ealoulatlon of stagnation taaparatura rlaa at rarloue 
velooltlea Vx vtaao tha apaelflo hast op la eoaaldarad to bo a 
function of taaparatura. Tha Bamoulll agnation oan ba «rlttan aa 

V dT + Jgop dT - 0 (Al) 

Xntagrata agnation (Al) between atata 1, tka free etreaa condition, 
and atata 2, where tha velooltj la sero. 

JTI    j»i 
JgCpdT 

or 

Tx
2 PliBT 

dT (A3) 

Talnaa of tka Integral In aquation (A2) ean «a obtained from 
table 1, rafaranoa 9 (aaa alao page 58, reference 9) for given valuea 

ean be ooaputed. it of of   Tx   and   Tgj,   and tka velocity 
curree oan thua ba obtalnad. 

However, If It la eboaan to plot   (Tp[ - Tx)   agalnat   Tj 
with   TL   aa para»tar, tha aat of curres will practically fall Into 
on* alagla curre for all rallies of   Tx   ranging fron 392° T abaoluta 
to 63O0 T abaoluta, corresponding to tha adnlaua and —»««- free— 
atraan taaparatura for altltudaa fron aaa laral to about 370,000 faat. 
In figure 33 two curres are shown, representing tha two axtrana 
oondltlona.    It la Justified, therefore, to uaa a single curre for 
tka ealoulatlon of stagnation taaparatura rlaa. 

.J 
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Tha boundary--layer-*tea9erature rlM   (TJJL - Tj^   can to obtained 
by mltlplylng tha atagnatlon teayerature rlaa by tha recoTory 
factor   o.   Tha raault will be a alngla eurve elmilar to tha curve of 
ataffuttlon teaperature rlaa but with all tha ordlnataa decreased by 
tha ratio   o.   Tlgnra U ahowa tha curre of boundary-layer-teaperatura 
rlaa at varloua apeoda   Vlf   oorreapondlng to   e • 0.89. 

•*(*. 
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AB mnv KDCAL 

nd Kntta'a aatfcoA of nanerloal **» tagt at Inn 
to differential eanatlona of taa following type, provided 
initial oaaAltlon 1« 

g - ««.art (U) 

UM Salttal aoadltloa Is 

*-*o S a (IB) 

derivation of tangi and Eatta*e netted ana to foand la 
12. fa» following table la provided far the oaloalatlon. 

z 7 f fat^x) Operation 

*o »o '(*o*7o) n K*!*«*) • 

v¥ vi»i f(vf'*+5*J «s *2*»3   * 

v* *•£•« f^a*^.Jb*J»a) »3 SOB   • 

V<* Vt3 tfc**i70**$ •* a»» Baa   • 

«! • «o • Ax Xl • 9b • 4 

for nnwvewlenue of application to taa preaent problen, 
aal Katta'a aatkoA la arranged la taa fora of table 2 of tkla papar. 
A ealtable interval At aaoalA be oboaan. Startlas fro« taa pair 
of Initial valuta 1^, and TOJ ona ean obtain taa valaea t» and T* 
at the ana of tha interval At, by oarrjrlng oat taa operation la 
tabla 2. laa oparatloaa prooaaA fron left to riant of the flret llna 
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and than the succeeding lines. Tb» function f(t,T,k), corresponding 
to t and T to Its loft on tha aaa» Una, oan be obtained fron 
aquation (16). If tha pair of values t' and T* ara used as 
Initial values and tha table repeated, another pair of values t" 
and f    can ha obtained, eorraopondlng to tha akin temperature at 
tha and or 2At. Table 2 can ha repeatedly uaed in thla manner 
until tha daalrsd value* of T ara obtained. 

Tor Illustration, table 2 will be uaed to calculate tha skin 
tsaperature of the ad aalle in example 2. Aaaune the skin temperature 
at the and of 20th second la known to be 519° T absolute, and the 
skin tesperature at and of 2bth second is to ha determined. 
Choose At - 2 ssoonds. 

lsk rBL fx At Opsrmtlon 

20 519 0.0103 5»H» 0.6 0.U03 q1^).806 5(0.1*04) -   1-618 
21 519.«• .0106 568 .6 .83b q.2-1.668 l2*U   -   3.32«» 
21 519.8 .0106 568 .6 .828 q3-1.656 SUB   •   U.9U2 
22 520.7 .0107 590 .6 1.215 04-2 .»»30 q   -   1.6»* 

22 520.6 .0107 590 .6 1.217 qj.-2.k3» J(qx-Hlfc)  -    3.299 
23 521.8 .0108 619 .6 1.728 q2-3.»»56 '2*^3   "   6.886 
23 522-3 .0108 619 .6 1.715 q3«3.b30 Sum   - 10.185 
21» 52U.0 .0109 6U0 .6 2.082 qu-U.l6k q   -   3.395 

21» 52U .0 

Therefore, the skin temperature at the end of 2»th second Is 
92b° T abaoluts. Notice that a conatant value of 0 la uaed In tha 
above computation. Tor a more accurate analyele the value of 0 
ahould be baaed on Tak given. 

To Improve the reault, the following method, as given by Rungs 
and Kutta, can be uaad for corrections. Instead of At - 2 seconds, 
table 3 la repeated with At • I» seconds. 

L _i 
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*L     • ft At Oparauon 

20 919 0.0103 ?U 0.6 0.W3 qj.-l.6l2   fai*^) -   I..976 
82 519.8 .0107 990 .6 1.230 «a-fc.920      0^*43   ,   9.70» 
a>i 921*6 .0107 990 .6 I.196 «3A.78W 

2k 523.8 .0109 6*0 .6 2.O89 4^-8.3>>0 

•»   523.9 

Äa ooxraetlon la than glvm by 

* - ^(52*» - 523.9) - 0.007 

tha oomoM aktn taaparatiu» at tba and of 2«tn 

Tak • 5«* • * - 52*.007 

Eatta'a aatbod oan alao ba applied to aquation of to* tna Oil «. »JT*7«i__r.,.7,T^     w •»•"tanaona 
«*«.   »or dat^SM! «SrSo^gT"*1-1 •«U4tl°" " *•»«• 
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I 
Table.   I 

Variation oF 7g£, and h with time 

15 
t 

sec 
H,ft 
Given 

w 
' sec 

Given fip. 3 

® 

% 3 

® 
TBL-T, 

fiaS 

© 

®m 
® w ® 

*^8&»^ 

liven B= fetal nose angle 
Is nose surface It 
F»   ( -Figure 8) = 
/^ (Figure 9) = 

'engtn, Ft. = 
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Table   3 
Numerical solution of the simplified 
transient   skin temperature equation 

n / 2 3 4 etc. 
7?) t 

h (Table. 1) 
h/G 

^ ^@U+®n.,J 
W ^t=r®«-caw,]   - 
W @*@          1 - 
W £©                1   0 
(D * 
W TmL(Tablel) 
W ®*®<(g)           1 w *»•«.-.] — 

ffi ©*© — 

  

"^&^ 

IS1 £@ + 71 Ti 
®   Tsk = W/<8> 

Btu 
G .  heat absorption capacity of skin, (gffqpfr) 

T£«   'initial temperature   of sk'm, °Fabs 
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0.04 0.08 0.12 0.16 

Skin thickness, in. 
0.20 

Figure I. -  Heat absorption capacity 
of various metal skins at room 
temperature  ( 520 CF abs ). 
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Figure 2. - Free-stream temperature ot 
various altitudes (data obtained 
from reference 5 ). 
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2000 4000 6000 8000 10000 

Free-stream velocity, v*i,  ft/sec 
Figure 3."   Stagnation -temperature rise /or ^Zaqnarion-iemperarure nsc re» 

bow consfant and variable  Cp , 
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Figure 5. -  Variation of Ck/jjL ' ) with 
velocity. 
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